Isostructural phase transformations ͑ISPhTs͒ so far were reported only for heavy elements and their compounds with complex electronic and/or magnetic structures. Studies of one of the lightest elemental material, high-pressure boron ␥-B 28 , by means of in situ single-crystal x-ray diffraction and Raman spectroscopy reveal abrupt changes in the compressional behavior and Raman spectra at 40 GPa. Combined experimental and ab initio theoretical analysis of the structural and vibrational properties of ␥-B 28 suggests that the ISPhT under compression is due to the changes in the polarity of the covalent bonds between the boron atoms in the complex quasimolecular structure of ␥-B 28 .
I. INTRODUCTION
Isostructural phase transformations are particular cases of isosymmetric transformations and include discontinuous isostructural transitions and crossovers. They are rare, intriguing phenomena in solids often associated with a significant volume collapse, giant magnetoelastic coupling, or negative thermal expansion. [1] [2] [3] [4] [5] Elemental boron and boron-rich compounds have been given a particular scientific and technological attention because of their specific physical properties: high melting temperatures, a wide energy band gap, high hardness, strong absorbance of neutrons, etc. The structures of these materials are based on icosahedral units as a common feature. Even high pressure does not destroy the rigid units so that the very recently described high-pressure boron phase [6] [7] [8] ␥-B 28 consists of B 12 icosahedra typical for rhombohedral ␣-and ␤-boron. Consisting of only B 12 units, ␣-boron does not show any phase transitions on compression to at least 80 GPa at ambient temperature. The arrangement of B 12 icosahedra in ␤-boron is complex and its structure contains partially occupied sites. 9, 10 The ␤-boron is more compressible ͑the bulk modulus K 300 = 185-210 GPa͒ in comparison with ␣-boron ͑K 300 = 213-224 GPa͒. 11, 12 The resistivity measurements 13 indicate a transformation from ␤-boron into yet unknown superconducting phase at about 160 GPa. At pressures above 8.5 GPa and temperatures higher than 1500°C pure boron crystallizes as a ␥-B 28 phase with a Pnnm space group. [6] [7] [8] It contains 28 atoms in the unit cell. The structure consists of B 12 icosahedra and B 2 dumbbells linked covalently 6, 7 ͑Fig. 1͒. The ␥-B 28 phase was demonstrated 7 to be stable at least to 30 GPa and 2000 K. However, experimental information about the high-pressure behavior of the ␥-B 28 phase is so far limited. Here we present the results of the high-pressure Raman spectroscopy study of ␥-B 28 up to 105 GPa and its single-crystal x-ray diffraction over 65 GPa.
II. METHODS
Single crystals and polycrystalline aggregates of ␥-B 28 were grown as described in our previous publications ͑see Refs. 6 and 7͒.
A. Diamond-anvil cell experiments
In different runs the sample was clamped between diamond anvils with culets of 300, 250, or 120 m in diameter. Rhenium ͑in the Raman spectroscopy experiments͒ or steel ͑in single-crystal x-ray diffraction experiments͒ gaskets were indented to the thickness of about 50 m and holes with a diameter of 100 or 80 m were drilled in the center. Small isometric pieces of the high-pressure boron phase synthesized in a multianvil apparatus were loaded into the holes along with ruby balls served as pressure markers. As a pressure transmitting medium Ne or He were loaded at 1.4 kbar ͑all single-crystal x-ray diffraction experiments were performed in He pressure medium͒. One-and double-side laser annealing of samples compressed in Ne pressure medium at pressures above 20 GPa at temperatures up to 2000 K was conducted at BGI or at ESRF.
B. Raman spectroscopy
Raman spectroscopy studies were done on single crystals ͑with characteristic dimensions of ϳ5 ϫ 5 ϫ 25 m 3 ͒ and polycrystalline aggregates of the B 28 phase. Measurements were performed with LabRam and Dilor XY ͑DILOR GmbH͒ systems with a resolution better than 2 cm −1 . The 632.8 nm line of a He-Ne laser and 514 nm of an Ar laser were used for an excitation with a power at the sample position of 15-50 mW. The positions of Raman peaks were determined by processing experimental data using PEAKFIT© v4.12 software.
C. Single-crystal diffraction
Crystals with a size of about 7 m ϫ 7 m ϫ 30 m were selected and measured at ID09a at the European Synchrotron Radiation Facility ͑ESRF͒. Diffraction data were collected at 293 K using the MAR555 image plate detector, radiation with a wavelength of 0.4143 Å and the crystal-todetector distance of 399 mm. 120 frames in the omega scanning range of −30°to +30°were collected ͑0.5°scanning step size͒ with exposure time of 1 s. The data were processed using the CRYSALIS software ͓Oxford Diffraction ͑2006͒ CRYSALIS RED, version 1.171.31.8. Oxford Diffraction Ltd., Abingdon, Oxfordshire͔. Crystal-structure refinements on integrated intensities were carried out with JANA2006 software.
D. Ab initio calculation
We performed first-principles calculations using the density-functional theory and density-functional perturbation theory formalisms as implemented in the ABINIT code. 14 We employed a 6 ϫ 6 ϫ 6 regular grid of high special k points 15 and a kinetic-energy cutoff of 30 Ha ͑1 Ha= 27.2116 eV͒. These ensured a precision on the order of 1 mHa in energy and better than 1 GPa in pressure. The calculations were performed on the JADE machine of CINES.
III. RESULTS
A. Raman spectroscopy at high pressure.
The ␥-B 28 gives very distinct and strong Raman spectra at ambient conditions 6, 7, 16 so that the Raman spectroscopy could be the most convenient and useful technique for investigation of the high-pressure behavior of this phase. Polarized Raman spectroscopy studies 16 allowed assigning vibration modes of ␥-B 28 thus creating a basis for the present study. Some examples of Raman spectra of polycrystalline ␥-B 28 collected at high pressure are presented in Fig. 2͑a͒ . The pressure dependence of Raman modes ͓Fig. 2͑b͔͒ can be shown in terms of the mode-Grüneisen parameter, defined as ␥ i ‫ץ−=‬ ln i / ‫ץ‬ ln V =−͑B 0 / i ͒ ‫ץ‬ i / ‫ץ‬P, where i is the phonon frequency, B 0 is the bulk modulus ͑227 GPa at ambient conditions 7 ͒, V is the molar volume, and P is the pressure. According to the values of the mode-Grüneisen parameters, all observed Raman peaks could be divided into three groups ͑Table I͒. To the first group belongs the mode B 2g at 319͑3͒ cm −1 for which the Grüneisen parameter ͑2.8͒ is distinctly high. According to theoretical analysis ͑Table II͒ this mode is associated with tilts ͑rotations͒ around the a axis of the B 12 icosahedra. The second group of mode consists of weakly varying ͑␥ = 0.03-0.2͒ narrow bands in the frequency 18 and boron carbide ͑B 4 C͒. 19 The Grü-neisen parameters of modes observed between 507 and 1200 cm −1 ͑the third group͒ are in the range of 0.42-1.05. These bands arise mainly from intraicosahedral vibrations, such as breathing or rocking-stretching modes. Note that apparent changes in the shape of spectra in the 800-1000 cm −1 region on compression to about 39 GPa ͑Fig. 2͒ are entirely due to differences in mode-Grüneisen parameters of the bands. The observed high-pressure behavior of Raman modes can be qualitatively related to the response of the ␥-B 28 structure on compression. Indeed, rotations of B 12 icosahedra, or of the B 12 icosahedra and B 2 dumbbells around b and c axes ͑Fig. 1, Table II͒ require changes in the length of the shortest ͑i.e., strongest͒ B-B contacts between icosahedra and/or between an icosahedron and a dumbbell 7 ; they correspond to the modes with the smallest mode-Grüneisen parameters. The mode which is most sensitive to the volume changes is associated with the rotation of B 12 icosahedra The "?" marks the line whose assignment is ambiguous. Most the Raman modes monotonically shift to higher wave numbers with increasing pressure up to about 35 GPa. At pressures higher than 40 GPa in all three independent experiments we observed an inflection in the modes behavior ͓Fig. 2͑b͒, Table I͔ . Under further compression to pressures about 40-45 GPa several broaden peaks split ͑Fig. 2͑a͒͒. Although above ϳ40 GPa we detect up to 32 Raman modes in the spectra, the total number of modes was always less than 42 allowed in orthorhombic ␥-B 28 . 16 At the same pressure two modes ͑A g at 380 cm −1 and B 3g at 470 cm −1 ͒ drastically change their behavior and become soft with Grü-neisen parameters of about −0.03 ͑Fig. 2; Table I , Fig. 3͒ .
Phonon determination based on first-principles calculations show that the lowest six Raman modes ͑one A g , one B 1g , two B 2g , and two B 3g ͒ present pressure softening in perfect agreement with the experimental observations. They are lattice modes corresponding mainly to tilts of the B 12 icosahedra. In particular, the behavior of the lowest B 2g mode is relevant as it hardens up to about 50 GPa and it softens beyond that pressure.
Laser annealing at 1500-1800 K at pressures above 40 GPa does not affect the Raman spectra and the changes are fully reversible on decompression suggesting that the orthorhombic ␥-B 28 may undergo a phase transition at high pressures. In order to test this hypothesis we have undertaken an intensive x-ray diffraction investigation of ␥-B 28 under compression.
B. Single-crystal x-ray diffraction at high pressure
Being the fifth element in the Periodic Table, boron is a very weak x-ray scatterer. X-ray powder-diffraction experiments on boron phases above 30 GPa are difficult 7, 19 and could hardly provide even accurate lattice parameters. At the same time, single-crystal studies allowed investigating the behavior of lattice parameters of ␤-boron at pressure up to 100 GPa. 12 In three independent diamond-anvil cell ͑DAC͒ experiments we compressed single crystals of ␥-B 28 ͑grown in a multianvil apparatus in metallic fluxes 20 ͒ to pressures over 65 GPa using He as a quasihydrostatic pressure transmitting medium. The collected x-ray diffraction data were sufficient in quality to refine both lattice parameters and atomic coordinates ͑Table III͒. Remarkably, the quality of the structural refinement based on the data collected in DACs was not worse than that based on the data obtained at ambient conditions ͑Table III͒, and it also proves that the crystals were in a good quasihydrostatic environment to highest pressures reached. Up to the highest pressure reached in this study ͑65 GPa͒ all observed reflections perfectly match the ␥-B 28 ͑space group Pnnm͒ structure ͑Table III͒. However, the compressional behavior of the material at pressures below and above about 40 GPa is considerably different ͑Fig. 4͒. It manifests in an abrupt increase in the stiffness of the structure ͑more than 20% increase in the bulk modulus͒ and in the relative softening along the a axis in comparison with the c and especially the b axes. There is a clear change in the behavior of the b / a ratio ͑it decreases monotonously to about 35 GPa and increases above 40 GPa͒, and there is a discontinuity in "F-f" plot ͑normalized stress vs Eulerian strain, see insets in Fig. 4͒ . An extrapolation of molar volumes of low-pressure and high-pressure materials to ambient conditions gives a difference of about 3% ͑Fig. 4͒.
On compression up to 40 GPa the shortest bond lengths as well as the average distances between any atom and its neighbors ͑"atom's sphere radius" as defined in IVTON software 22 ͒ homogeneously decrease; their compressibilities are linear with values in the 0.019-0.024 GPa −1 range ͑Fig. 5͒. The volume of the B 12 icosahedra also decreases smoothly to 40 GPa ͑Fig. 6͒. However the bulk modulus of this polyhedron ͑285 GPa͒ is significantly higher than the bulk modulus of the bulk material ͑227 GPa͒ confirming a molecular-solidlike behavior with intericosahedral bonding weaker than intraicosahedral ones. At pressures above 40 GPa the compressibility of the spheres around the B1 and B4 atoms ͑Fig. 1 for designation of atoms͒ does not change ͑these two atoms are not involved into the shortest intericosahedral contacts or into the contacts of the B 2 dumbbells and the B 12 icosahedra͒. Contrary, the atoms involved in intraicosahedral bonding ͑labeled B3͒ or in bonding between the B 12 icosahedra and the B 2 dumbbells ͑labeled B2 and B5͒ show pronounced changes in the compressional behavior. In parallel the B 12 icosahedra become much more incompressible, exhibiting a 1/3 increase in the bulk modulus ͑Fig. 6͒.
IV. DISCUSSIONS
Both the Raman spectroscopy and the single-crystal x-ray diffraction studies reveal the existence of two states of ␥-B 28 with a pronounced difference in their vibrational and compressional properties. The abrupt change in the properties occurs at pressures ϳ40 GPa. However, neither the symmetry nor the structure change was detected in this pressure range. We conclude, therefore, that B 28 undergoes an isostructural phase transformation.
Isostructural phase transformations are relatively exotic phenomena. They were reported for a few elements, in particular, in Ce ͑a well-known example of the isostructural Pressure, GPa 2 Boron is an element of the second row of the Periodic Table and the conventional mechanisms of the ISPhT in its crystal structure are highly unlikely ͑indeed, theoretical calculations 7, 8 do not indicate any significant changes in band structure of ␥-B 28 at least to 100 GPa͒. At the same time ␥-B 28 is a quasimolecular material. The detailed singlecrystal x-ray diffraction study conducted at ambient pressure 7 revealed the strong polar-covalent bonding with an electron density excess at B2 and B4 atoms ͑they belong to the B 12 icosahedra͒ and an electron density deficit at B5 atoms ͑which form B 2 dumbbells͒. This suggests that the ISPhT in ␥-B 28 can be a result of changes in the electron density distribution between boron atoms and/or bonds or, in other words, changes in the character of chemical bonding. For compounds with the polar-covalent bonding, the splitting of the IR longitudinal-and transversal-optical ͑LO-TO͒ phonon modes can be used as a measure of the degree of the charge transfer, 8, 9, 31 which can be characterized by the generalized Lyddane-Sachs-Teller ͑LST͒ parameter
Using calculated values of frequencies for all IR-active modes at different pressures ͑Fig. 7͒ we found that above 50 GPa, in strict similarity with experimental data on changes in Raman spectra and compressional behavior, the LST parameter changes its pressure dependence. This result strengthens our assignment of the isostructural phase transformation in ␥-B 28 as due to alteration the polarity of the covalent bonding between the boron atoms in the complex quasimolecular structure.
Boron-rich carbides, nitrides, oxides, and borides of light elements with polar covalent and/or partially ionic bonding represent a large group of materials with prospective applications due to a number of unusual and potentially useful properties. 9, 17 Our finding of the ISPhT in ␥-B 28 suggests that the same or similar mechanism, involving rapid pressure-or chemically induced changes in chemical bonding, could drive isostructural transformations in other boronrich phases as well. 
